Purpose: Dynamic pitch, the variation in the fundamental frequency of speech, aids older listeners' speech perception in noise. It is unclear, however, whether some older listeners with hearing loss benefit from strengthened dynamic pitch cues for recognizing speech in certain noise scenarios and how this relative benefit may be associated with individual factors. We first examined older individuals' relative benefit between natural and strong dynamic pitches for better speech recognition in noise. Further, we reported the individual factors of the 2 groups of listeners who benefit differently from natural and strong dynamic pitches. Method: Speech reception thresholds of 13 older listeners with mild-moderate hearing loss were measured using target speech with 3 levels of dynamic pitch strength.
Individuals' ability to benefit from dynamic pitch was defined as the speech reception threshold difference between speeches with and without dynamic pitch cues. Results: The relative benefit of natural versus strong dynamic pitch varied across individuals. However, this relative benefit remained consistent for the same individuals across those background noises with temporal modulation. Those listeners who benefited more from strong dynamic pitch reported better subjective speech perception abilities. Conclusion: Strong dynamic pitch may be more beneficial than natural dynamic pitch for some older listeners to recognize speech better in noise, particularly when the noise has temporal modulation.
This special issue contains papers from the 2016 Hearing Across the Lifespan (HEAL) conference held in Cernobbio, Italy. D ynamic pitch, the natural variation in fundamental frequency, is one of the major prosodic cues in speech. In clear speech, dynamic pitch facilitates processing of speech, such as word segmentation (e.g., Brown, Salverda, Dilley, & Tanenhaus, 2011; Cutler, 1976) , complex syntax (e.g., Weber, Grice, & Crocker, 2006) , and affective information (Fairbanks, 1940; Frick, 1985) . We know that natural dynamic pitch helps younger listeners recognize speech better in noisy environments (e.g., Binns & Culling, 2007; Laures & Bunton, 2003) . Our recent data further demonstrated this effect of dynamic pitch on speech perception in noise with a group of older listeners with a wide range of hearing status (Shen & Souza, 2017) .
As described by our earlier article (Shen & Souza, 2017) , older listeners as a group perceive speech better with natural dynamic pitch than with strong dynamic pitch. The individual variability, however, was substantial in this data set. Recognizing speech in noise is difficult for older listeners with hearing loss. In an effort to help these listeners benefit from dynamic pitch, we first tested the hypothesis that strong dynamic pitch may provide extra help for some individuals. This hypothesis is grounded on three accounts. First, for those older listeners who have substantial difficulty hearing speech in noise, any extra perceptual cues that may be redundant for their peers could provide additional benefit (Bernstein & Grant, 2009 ). Second, we know that older listeners rely heavily on prosodic cues-including dynamic pitch-for speech comprehension in a quiet environment (Wingfield, Wayland, & Stine, 1992 ; see also Wingfield & Tun, 2001 , for a review). Stronger dynamic pitch cues can provide more salient prosody and, therefore, be more beneficial in processing speech information. Last and most important, substantial variability in the benefit from strengthened dynamic pitch has been demonstrated by previous research (Grant, 1987 , Miller, Schlauch, & Watson, 2010 . Grant (1987) measured identification of pitch contour continua and observed large individual variability among the five listeners with hearing loss. Three of them were able to identify pitch contours that were slightly stronger (one to two a times) than normal contours. For the other two listeners, pitch contours were only useful when they were three to six times stronger than the natural ones. This variability was also associated with individuals' ability to perceive pitch information in speech (i.e., intonation and stress contrast). Focusing on the individual variability, the primary goal of our article is to examine whether older listeners with hearing loss vary in the dynamic pitch strength for achieving best speech recognition performance in noise. In other words, is stronger dynamic pitch more beneficial for some listeners, whereas natural dynamic pitch works better for others?
Second, while listeners benefit from dynamic pitch in a variety of noise conditions (Binns & Culling, 2007; Laures & Bunton, 2003) , there is currently no data of individuals' dynamic pitch benefit compared across different noises. Specifically, we do not know if an individual's relative benefit pattern holds across noises with different levels of temporal modulation. Following the findings that individuals' ability to perceive speech in temporally modulated noise is relatively consistent across noise conditions (e.g., Bacon, Opie, & Montoya, 1998) , it is expected that if a listener benefits more from strong dynamic pitch in highly modulated noise, he or she will also show the same benefit pattern in a different noise scenario that has temporal modulation. If this result is observed, it would also suggest a glimpsing mechanism for dynamic pitch benefit, in which older individuals benefit more easily from pitch cues when they have access to these cues through momentary dips in noise.
Further, we are interested in the characteristics of those listeners who benefit more from strong dynamic pitch than the natural ones, as this information may be useful for development of future speech-in-noise treatment. For instance, if we are going to implement a signal-processing strategy to strengthen dynamic pitch, who is likely to benefit from this enhancement? In Grant (1987) , the five listeners' performance could not be explained by audiometric testing results; with a group that has less hearing loss but more advanced age than Grant's sample, we explore whether relative benefit from dynamic pitch is related to individual factors, such as age, audiometric profile, and subjective speech perception ability.
Method

Participants
Thirteen older adults (four women and nine men) aged 60-83 years (mean age = 73.5 years) participated in this study. Participants had mild-moderate sensorineural hearing loss as defined by pure-tone threshold > 25 dB HL (American National Standards Institute, 2009) between 0.25 kHz and 2.00 kHz and/or > 35 dB HL at 3.00 kHz. Figure 1 shows audiograms for the 13 listeners. While all had mild-to-moderate sensorineural hearing loss, they varied slightly in hearing loss degree and slope. All participants were native English speakers with no experience in tonal languages, had no or minimal musical experience, and passed a screening for mild cognitive impairment.
Stimuli and Procedure
The target speech stimuli were drawn from Harvard IEEE sentences (Rothauser et al., 1969) that were produced by a female talker. The fundamental frequency contours of the stimuli were manipulated, and the sentences were resynthesized using PRAAT (Boersma & Weenink, 2013) . The pitch contour of the speech was manipulated using the following formula:
Instant f0 ¼ Sentence average f0 þ ðOriginal instant f0 − Sentence average f0Þ Â Pitch factor:
The pitch factor was set to 0 in the monotone condition, 1 in the original pitch condition, and 1.75 in the strong pitch condition. The International Collegium for Rehabilitative Audiology (ICRA) noises (Dreschler, Verschuure, Ludvigsen, & Westermann, 2001 ) were used as background noises, with three levels of temporal modulation: unmodulated one-talker speech-shaped noise, modulated one-talker speechshaped noise, and modulated two-talker speech-shaped noise.
Prior to experimental testing, participants completed an audiometric battery consisting of case history, otoscopy, pure-tone threshold testing, and word recognition in quiet with Northwestern University Auditory Test No. 6 25-word lists (Tillman & Carhart, 1966) . Subjective speech perception ability was measured using the Speech, Spatial and Qualities of Hearing Scale questionnaire (Gatehouse & Noble, 2004) , which emphasizes specific difficult listening situations, including noisy background and multiple talker scenarios. It contains three domains: speech recognition, spatial aspect of hearing, and qualities of hearing experience.
Speech reception thresholds (SRTs) were obtained for all nine conditions (3 Dynamic Pitch Conditions × 3 Background Noise Conditions) with an adaptive procedure (Plomp & Mimpen, 1979) . In this paradigm, the signal-tonoise ratio was changed trial by trial on the basis of the listener's response to track the performance level of 50% correct. The output stimuli were amplified using the National Acoustics Laboratories-Revised linear prescriptive formula on the basis of individual thresholds (Byrne, Dillon, Ching, Katsch, & Keidser, 2001) . Stimuli were presented monaurally in the better ear at 68 dB SPL using an M-Audio FastTrackPro external soundcard (M-Audio, Cumberland, RI) and an ER-2 insert earphone (Etymotic Research, Elk Grove, IL) in the test ear. Listeners were seated in a doublewall sound-proofed booth and were instructed to repeat back the sentences aloud for the experimenter, who scored the responses from outside of the booth. Individuals' benefits from dynamic pitch cues were defined as the difference between the SRTs in the monotone condition as compared with the original or strengthened pitch conditions.
Results and Discussion
Among the 13 older listeners, the average amount of benefit each individual had from dynamic pitch cues spread across a range of 1.2 dB to 5.2 dB signal-to-noise ratio, which translates to a 40% range in percentage of correct responses in a speech recognition in noise task (e.g., Festen & Plomp, 1990) . On an individual level, some older listeners recognized speech better with the natural dynamic pitch as compared with the strong one; others performed better with the strong dynamic pitch. Figure 2 presents individual data of benefit from natural and strong dynamic pitches in three noise scenarios, respectively. It shows the magnitude of the dynamic pitch benefit, as well as the scattered pattern of the relative benefit across individuals.
As to the individuals' relative benefit across noise conditions, there was a significant correlation between the relative benefit scores (as indicated by the difference between SRT with original and SRT with strong dynamic pitch contours) in strongly and mildly modulated noises, r = .53, t(11) = 2.12, p = .05, which suggests that relative benefit is consistent for the same individual across the two temporally modulated noise conditions. That is, individuals who benefited more from strong dynamic pitch in highly modulated noise performed in a similar way in mildly modulated noise. This pattern, however, did not transfer to the unmodulated noise condition, as the relative benefit scores were not correlated between this noise scenario and the modulated noises (p > .1). Overall, these results suggest that the individuals' relative benefit from dynamic pitch for speech recognition is consistent across noise scenarios with similar temporal characteristics. This finding is also consistent with the speech-innoise literature (e.g., George, Festen, & Houtgast, 2006) in highlighting the importance of temporal modulation in noise to speech recognition, as it provides momentary access to speech signal-and to pitch cues in this case.
When the 13 listeners were grouped based on the relative benefit from dynamic pitch (collapsed over the two modulated noises), one third of them (five among 13 listeners) had more benefit from strong dynamic pitch than the natural ones, and the rest (eight) had the opposite pattern. The individual factors of the two groups are reported in Table 1 (standard deviations in parentheses). They were comparable in age and high-frequency pure-tone average. The strong pitch group had more hearing loss as indicated by higher pure-tone averages, but this difference was not statistically significant, t(7) = −1.68, p = .1. The subjective speech perception scores were analyzed using Wilcoxon rank-sum tests. The two groups were comparable in two Speech and Spatial Qualities subscales (Spatial: W = 27, p = .34, Quality: W = 21, p = .94), but the strong pitch group had higher scores (i.e., better performance) on the Speech subscale, which is marginally significant (W = 8, p = .09). This means that those listeners who were able to benefit Figure 2 . Benefit scores of individual participants (x axes: original dynamic pitch benefit; y axes: strong dynamic pitch benefit). Each dot represents one individual, and each panel is a noise condition. Individuals who are located above the diagonal lines benefit more from strong dynamic pitch than from original dynamic pitch; those below the diagonal lines benefit more from original dynamic pitch. ICRA = International Collegium for Rehabilitative Audiology; SNR = signal-to-noise ratio. from strong dynamic pitch cues (as compared with natural ones) tended to do better in difficult scenarios, such as with multiple talkers and/or background noise, and this advantage could not be attributed to hearing sensitivity. This finding aligns with the previous research on stream segregation (e.g., Mackersie, Prida, & Stiles, 2001) in suggesting the role of individuals' perceptual abilities, which may not be tightly coupled with hearing sensitivity, in their speech perception in complex listening scenarios. Although these results were limited by the small sample size, this data set nevertheless revealed an interesting direction that merits further investigation.
The present study served as a first step in this line of research with the ultimate goal of devising individualized clinical remedies that make dynamic pitch helpful for older listeners with hearing loss to perceive speech better in noise. The finding can be informative for the development of advanced assistive hearing technology for enhancing dynamic pitch cues on the basis of individuals' perceptual pattern. Further research is warranted to investigate this individualized dynamic pitch benefit using a fine-grained scale of pitch strength, as well as including other patient factors that may contribute to the relative benefit.
